Background: IL-2 signaling occurs by cognate receptor phosphorylation, ultimately resulting in regulation of lymphocyte function. Results: IL-2R␤ Thr(P)-450 positively regulates receptor complex stability and downstream STAT5 transcriptional activity. Conclusion: IL-2R␤ Thr-450 is a novel ERK1/2-mediated phosphoregulatory site important for optimal IL-2 signal transduction. Significance: IL-2R␤ threonine phosphorylation governs IL-2 signal transduction and may play a role in immune cell dysfunction.
IL-2 and its effector molecules are key for maintaining normal and efficient homeostasis of the immune system. Dysregu-lation can result in several immune disorders (1) . It is an important regulator of several lymphoid cells, including B, natural killer, and various subsets of T cells (2) (3) (4) , in which it promotes activation-induced cell death (5) . Additionally, IL-2 promotes self-tolerance through the development and maintenance of regulatory cells essential for the negative regulation of the peripheral lymphoid compartment (6) . These cellular responses are mediated through the IL-2 receptor (IL-2R) 2 complex, composed of the affinity-conferring chain IL-2R␣ (CD25) and the signaling subunits IL-2R␤ (CD122) and IL-2R␥ (CD132). Engagement of the receptor complex promotes recruitment and activation of several tyrosine kinases, including JAK1, JAK3, spleen tyrosine kinase, and lymphocyte-specific protein tyrosine kinase (6 -8) . Activated JAK1 and JAK3 phosphorylate tyrosine residues on the receptor, providing docking sites for the phosphotyrosine binding and Src homology 2 (SH2) domain-containing proteins SHC, and STAT3 and STAT5, respectively (9, 10) . The ␤ and ␥ subunits of the IL-2 receptor are also shared with the IL-15 receptor, which mediates signaling by common effector proteins (11) . However, the differential expression and distribution of their distinct ␣ subunits allows IL-2 and IL-15 to have unique cellular roles. For example, IL-2 serves to eliminate self-reactive T-cells, whereas IL-15 can support memory T cell survival (12) .
The positive signal transduction mediated by IL-2 has been attributed to tyrosine phosphorylation of distinct residues within the IL-2R␤ and recruitment of, predominantly, SHC to Tyr-338 and STAT5 to Tyr-338, Tyr-392, and Tyr-510 (10, 13) . Receptor-docked molecules become activated and initiate the JAK/STAT, PI3K, and MEK/ERK pathways, which regulate genes involved in cell differentiation, proliferation, and apoptosis (14 -16) . Surprisingly, activation of STAT5 has been observed in cells expressing IL-2R␤ with phosphodeletion mutations of its three key tyrosine residues (Tyr-338, Tyr-392, and Tyr-510) (17) , suggesting that other receptor domains or phosphorylation sites may contribute to this response. Interestingly, IL-2 also induces serine and threonine phosphorylation of IL-2R␤ (18 -20) , although its effects on signal transduction have yet to be characterized. Recent evidence indicates that serine and threonine phosphorylation can have multiple effects on the IL-2 signaling cascade. Our group showed that activation of adenylate cyclase and PKA resulted in negative regulation of IL-2 signaling at multiple levels, characterized by heightened serine phosphorylation and reduced tyrosine phosphorylation of JAK3 (21) . Moreover, IL-2-induced tyrosine and serine phosphorylation of STAT5 was reduced, along with the formation of a functional IL-2R complex. It is known that negative regulation of the JAK/STAT pathway is achieved through several mechanisms, including dephosphorylation of key residues by protein tyrosine phosphatases, sequestering phosphotyrosine docking sites by suppressor of cytokine signaling molecules (22) , and inhibition of STAT5 binding to DNA by the protein inhibitor of activated STATs family (23) . Our group and others have shown that serine/threonine phosphatases participate in the regulation of JAK/STAT activation. Inhibition of protein phosphatase type 2A (PP2A) diminishes STAT3, STAT6, STAT5, JAK3, and IL-2R␤ activation (18, 24 -26) . Serine phosphorylation of STAT5, JAK3, and IL-2R␤ was enhanced, whereas IL-2-induced tyrosine phosphorylation was attenuated (18) .
To further elucidate the regulatory mechanisms of serine and threonine phosphorylation and impact on IL-2 signaling, this study investigated IL-2R␤ serine/threonine phosphorylation in response to IL-2 stimulation. Here we provide evidence of IL-2or IL-15-induced IL-2R␤ phosphorylation at Thr-450 mediated by ERK1/2 and negatively regulated by PP1. In addition, phosphorylation of Thr-450 was found to play a role in stabilizing the IL-2R complex and to be required for full signaling of its downstream components, including STAT5B transcriptional activity. This study suggests that cytokine receptor residues such as IL-2R␤ Thr-450, and possibly others, serve to regulate signaling pathways in addition to their well studied tyrosinephosphorylated residues.
Experimental Procedures
Cell Culture and Treatment-The human YT, Kit225, HuT 102 (27) , HH (28), MT-2 (29), SUP-T1, and HEK293 cell lines were maintained in RPMI 1640 medium containing 10% fetal bovine serum (Atlanta Biologicals), 2 mM L-glutamine, and penicillin-streptomycin (50 mg/ml). Kit225 cells were supplemented with 100 nM human recombinant IL-2 (NCI Preclinical Repository). Human peripheral blood mononuclear cells from healthy donors (Research Blood Components) were purified by isocentrifugation (Ficoll-Hypaque) and activated with phytohemagglutinin (10 g/ml) for 72 h as described previously (30) . Quiescent human peripheral blood mononuclear cells or malignant hematopoietic cell lines were stimulated with human recombinant IL-2 (100 nM) or human recombinant IL-15 (100 nM) (NCI Preclinical Repository) at 37°C for the indicated times. Kinase and phosphatase inhibition studies with wortmannin (Calbiochem), KT5720 (Sigma) and tofacitinib and trametinib (Selleck Chemicals) were performed for 1 h, whereas calyculin A (CA) (Invitrogen) treatment was performed for 15 min at 37°C at the indicated concentrations.
Solubilization of Proteins, Immunoprecipitation, Western Blot, and Mass Spectrometry Analysis-Cells were pelleted, lysed, and subjected to immunoprecipitation and Western blot analysis as reported previously (31) . For total cell lysate, protein concentration was determined by the bicinchoninic acid method (Pierce). Equal concentrations of protein per lane were separated by SDS-PAGE. Western blot assays were developed with horseradish peroxidase-conjugated goat anti-mouse IgG (heavy plus light chains) or goat anti-rabbit IgG (heavy plus light chains, KPL) and visualized using enhanced chemiluminescenceandx-rayfilm.Whenreblotting,polyvinylidenedifluoride membranes were incubated with stripping buffer (100 mM ␤-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7)) at 55°C for 30 min, blocked, and then reprobed. Liquid chromatography-tandem mass spectrometry analysis was performed by the Taplin Biological Mass Spectrometry Facility (Harvard University) or the Biomolecule Analysis Core Facility of the Border Biomedical Research Center (The University of Texas at El Paso). The anti-phosphothreonine 450 (␣-Thr(P)-450) IL-2R␤ rabbit polyclonal antibody was custom-generated by GenScript (Piscataway, NJ) using the immunogen LGPP(pT)-PGVPDLVDFC (where pT indicates phosphothreonine) coupled to keyhole limpet hemocyanin. The anti-JAK3 antibody was used as described previously (32) . A monoclonal mouse antibody made against the IL-2R␤ chain (561-IgG2) was a gift from Dr. Richard Robb (33) . The anti-Tyr(P)-694 STAT5A and Tyr-699 STAT5B (Tyr(P)STAT5) monoclonal antibody, anti-STAT5 polyclonal antibody, anti-phospho-p44/42 MAPK (ERK1/2) Thr-202/Tyr-204 polyclonal antibody, anti-p44/42 MAPK (ERK1/2) polyclonal antibody, anti-AKT monoclonal antibody, and anti-phospho-AKT monoclonal antibody were purchased from Cell Signaling Technology and were used according to the protocol of the manufacturer, along with anti-phosphotyrosine monoclonal 4G10 (␣-Tyr(P)) antibody (Upstate Biotechnology), anti-GAPDH monoclonal antibody (Fitzgerald), and anti-IL-2R␤ and anti-IL-2R␥ chain antibodies (Santa Cruz Biotechnology).
Plasmids, Site-directed Mutagenesis, and Transfection of HEK293 Cells-The pcDNA3.1/GS human IL-2R␤ and IL-2R␥ expression plasmids were purchased from Invitrogen. The pcDNA3.1 human JAK3 and STAT5B cDNAs (OriGene) were obtained as described previously (31, 34) . Mutant forms of IL-2R␤ were prepared using the QuikChange site-directed mutagenesis kit (Stratagene) according to the instructions of the manufacturer. The primers used for the IL-2R␤ mutation were as follows: T450A (5Ј-TGGGGCCTCCCGCCCCAG-GAGTC-3Ј) and T450E (5Ј-CCCTGGGGCCTCCCGAGC-CAGGAGTCCCAGA-3Ј). All subclones and mutations were verified by DNA sequencing at the Genomic Analysis Core Facility of the Border Biomedical Research Center, The University of Texas at El Paso. Transient transfections of HEK293 cells were performed with Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer.
In Vitro Dephosphorylation Assay-YT cells (20 ϫ 10 6 ) were incubated without or with human recombinant IL-2 (100 nM) for 5 min or with 100 nM CA for 15 min prior to solubilization in lysis buffer (1% Triton X-100, 10 mM Tris-HCl (pH 8.0), and 50 mM NaCl). Cell lysates were incubated without or with 0.5 units of purified PP1 or PP2A (Millipore) at 37°C for 60 min according to the instructions of the manufacturer. The reactions were stopped by addition of sample buffer containing 125 mM Tris-HCl (pH 6.8), 10% ␤-mercaptoethanol, 9.2% SDS, 0.04% bromphenol blue, and 20% glycerol and boiled for 5 min. Samples were resolved by SDS-PAGE, and phosphorylation of Thr-450 was measured by WB analysis.
siRNA-mediated Silencing of ERK1 and ERK2-ERK1 (SMARTpool, catalog no. M-003592-03-0010) and ERK2 (SMARTpool, catalog no. M-003555-04-0010) as well as control non-targeting (siGENOME, non-targeting siRNA pool #1, catalog no. D-001206-13-20) siRNAs were purchased from Dharmacon. Transfection of YT cells was carried out by electroporation using the Nucleofection system by Amaxa according to the instructions of the manufacturer. Briefly, YT cells (5 ϫ 10 6 ) were suspended in 100 l of transfection solution and transfected with 750 nM of ERK1 and 1 M ERK2 or 1.750 M control siRNA. Transfected cells were immediately diluted with prewarmed complete RPMI medium and cultured for 48 h. Cells were then quieted for 24 h in 1% FBS medium before incubation with or without IL-2 as indicated.
Luciferase and ␤-Galactosidase Assays-Subconfluent HEK293 cells in 10-cm dishes were transfected with the following plasmids: WT or mutant IL-2R␤ (6 g), ␥ c (6 g), JAK3 (0.5 g), STAT5B (3 g), ␤-casein-luciferase reporter (3 g), and pCMV-␤-gal (1 g). Cells were stimulated with or without 100 nM IL-2, transferred to 96-well plates (50,000 cells/well), and incubated for 48 h at 37°C. Luciferase and ␤-gal activities were measured using ONE-Glo luciferase and Beta-Glo assay systems (Promega), respectively, according to the instructions of the manufacturer.
Results
Identification of a Novel IL-2-inducible Threonine Phosphorylation Site in Human IL-2R␤-To identify unique and previously uncharacterized IL-2R␤ phosphoregulatory sites, the ␤ subunit of the IL-2 receptor was analyzed by mass spectrometry. YT cells, which express ϳ15,000 ␤ receptors (35), were left untreated (Fig. 1A, lane a) , stimulated with IL-2 for 10 min (Fig.  1A, lane b) , or treated for 15 min with CA (Fig. 1A, lane c) , a serine/threonine PP1 and PP2A inhibitor, to induce maximum phosphorylation of these residues. IL-2R␤ was immunoprecipitated, and the samples were separated by 10% SDS-PAGE and visualized by Coomassie Blue staining ( Fig. 1A ). An aliquot of the sample was analyzed by Western blot for tyrosine phosphorylation and total IL-2R␤ ( Fig. 1B) to ensure IL-2-induced activation of the receptor. Indeed, IL-2 stimulation induced tyrosine phosphorylation of the IL-2R␤ (Fig. 1B, lane b, top panel) . In addition, a reduction in protein migration was observed in the sample stimulated with IL-2 as well as in the CA-treated sample (Fig. 1B, lanes b and c, bottom panel) , a phenomenon observed frequently in phosphorylated proteins (18) . The bands corresponding to non-stimulated (75-kDa), IL-2-stimulated (80-kDa), and CA-treated (100-kDa) IL-2R␤ (Fig. 1A , lanes a-c) were excised, subjected to trypsin and Asp-N digestion, and then analyzed by LC-MS/MS. Spectrum analysis using the Sequest search algorithm revealed a combined protein coverage of 61%, 84%, and 99%, respectively, and the identification of several novel IL-2R␤ phosphorylated peptides. Of specific interest was the peptide DWDPQPLGPPTPGVPDVDFQP-PPELVLR, which contains the phosphorylated IL-2R␤ Thr-450 residue (underlined). This phosphothreonine was identified in both IL-2-stimulated as well as CA-treated samples. The tandem mass spectrum for the peptide from IL-2-stimulated samples is shown in Fig. 1C . A comparable spectrum was obtained for the corresponding peptide in CA-treated YT cells, and phosphorylation of the site was confirmed in CA-treated, IL-2R␤transfected HEK293 cells (data not shown). To determine the extent of Thr-450 evolutionary conservation, the human IL-2R␤ protein sequence was aligned with IL-2 receptor ␤ from several species (Fig. 1D ). Thr-450 is flanked by prolines, and its primary amino acid sequence is well conserved among eight different species, mostly primates. The position of this novel threonine phosphorylation site, along with previously identified and reported IL-2R␤ tyrosine phosphorylation sites, are presented in Fig. 1E .
Generation of the Anti-Thr(P)-450 IL-2R␤ Phosphospecific Antibody-To verify that IL-2R␤ is phosphorylated at Thr-450 and to investigate the regulatory role of this phosphorylation site, a phosphospecific polyclonal antibody was generated. Dot blot analysis was performed with the immunizing phosphopeptide and the corresponding non-phosphorylated peptide (see "Experimental Procedures" for sequences) to determine whether the IL-2R␤ phosphospecific antibody cross-reacts with the non-phosphorylated form of the peptide. Decreasing amounts (1 g, 0.1 g, 10 ng, 1 ng, and 0.1 ng) of Thr(P)-450 or Thr-450 peptides were spotted on to PVDF membranes and blotted with ␣-Thr(P)-450 IL-2R␤. The ␣-Thr(P)-450 IL-2R␤ antibody primarily recognized the phosphorylated peptide but not its non-phosphorylated counterpart, indicating strong and selective binding to the phosphorylated peptide ( Fig. 2A , first panel, far left). In addition, dot-blotted membranes were probed using ␣-Thr(P)-450 IL-2R␤ preincubated with increasing amounts of non-phosphopeptide or phosphopeptide as indicated. The ␣-Thr(P)-450 IL-2R␤ phosphoantibody was specifically blocked by the phosphopeptide ( Fig. 2A , fourth and fifth panels, right) but not the non-phosphopeptide ( Fig. 2A , second and third panels, center), confirming antibody-peptide specificity.
To further characterize this phosphospecific antibody, HEK293 cells were transfected with cDNA encoding WT IL-2R␤, T450A, or T450E mutants. 48 h post-transfection, cells were treated with 100 nM CA for 1 h, and IL-2R␤ was immunoprecipitated, resolved by 10% SDS-PAGE, transferred to a PVDF membrane, and examined for Thr-450 phosphorylation by Western blotting. As shown in Fig. 2B , the ␣-Thr(P)-450 IL-2R␤ antibody recognized CA-treated WT IL-2R␤ (lane d) but not the T450A mutant (lane f). Recognition of the T450E mutant ( Fig. 2B, lanes g and h) by the antibody was comparable with non-treated WT (Fig. 2B, lane c) ; however, CA-induced phosphorylation was not detectable in either Thr-450 mutants (Fig. 2B, lanes f and h) . Reprobing these blots with ␣-IL-2R␤ antibody showed a similar expression of the protein. Taken together, the data confirm the specificity of this antibody
IL-2R␤ Thr-450 Phosphorylation Regulates Signal Transduction
toward the Thr-450-phosphorylated form of IL-2R␤ by Western blot analysis.
Phosphorylation of IL-2R␤ at Thr-450 Occurs in Response to IL-2 and IL-15 Stimulation of Human Lymphocytes-IL-2 and IL-15 share the ␤ and ␥ c subunits of their receptors and utilize common JAK/STAT signaling molecules, which results in shared functions, including T and B cell proliferation and the generation of cytotoxic T lymphocytes and natural killer cells. However, IL-2 and IL-15 also play distinct roles necessary for homeostasis of the immune response (12) . To determine whether IL-2R␤ is phosphorylated at Thr-450 in response to physiological stimuli and to assess whether IL-2-induced phosphorylation of tyrosine and Thr-450 differ in kinetics, YT cells were subjected to a cytokine stimulation time course (0 -30 min) with IL-2. Endogenous IL-2R␤ was immunoprecipitated and examined for phosphorylation by either ␣-Tyr(P) or ␣-Thr(P)-450 IL-2R␤ antibodies (Fig. 3A, lanes a-g) . IL-2 stimulation resulted in phosphorylation of tyrosine and Thr-450 within 30 s (Fig. 3A, lane b) . Although tyrosine phosphorylation reached maximal levels between 30 s and 2.5 min (Fig. 3A, lanes  b and c) , the Thr-450 phosphorylation signal was protracted and continued to increase until 10 min after IL-2 stimulation AUGUST 21, 2015 • VOLUME 290 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 20975 (Fig. 3A, lanes b-e) . Dephosphorylation of tyrosine and Thr-450 began 30 min post-stimulation (Fig. 3A, lane g) . It should be noted that internalization of the receptor begins 15-25 min after binding of IL-2 (36), hence the reduction in signal for total protein. The densitometry analysis of the representative blot is shown in Fig. 3B . To evaluate a putative pleiotropic role of Thr-450 phosphorylation, YT cells were stimulated with IL-15 and harvested at different time points (0 -60 min), and then immu- (0 -30 min, lanes a-g) , immunoprecipitated (IP) with ␣-IL-2R␤, and Western-blotted with ␣-Tyr(P), ␣-IL-2R␤, and ␣-Thr(P)-450 IL-2R␤ as indicated. B, a representative blot was used to quantitate Tyr(P) and Thr(P)-450 band intensities that were normalized to total IL-2R␤ using densitometric analysis and plotted for each time point. C, YT cells were stimulated with IL-15 for the indicated times (0 -60 min, lanes a-g) and immunoprecipitated and Western-blotted as described in A. D, quiescent phytohemagglutinin-activated human PBMCs were stimulated with IL-2 (lane b) or IL-15 (lane d) for 5 min, and IL-2R␤ was immunoprecipitated, separated by SDS-PAGE, and Western-blotted as indicated. E, the indicated cell lines where grown to exhaustion and then stimulated with IL- 2 (lanes b, e, h, k, and n) or IL-15 (lanes c, f, i, l, and o) for 5 min. IL-2R␤ was immunoprecipitated, separated by SDS-PAGE, and Western-blotted as indicated. Representative data from three independent experiments are shown. noprecipitated IL-2R␤ was examined for phosphorylation with ␣-Thr(P)-450 IL-2R␤ antibody. Similar to IL-2, IL-15 stimulation resulted in a phosphorylation signal of IL-2R␤ Thr-450 within 2.5 min that was sustained for 30 min (Fig. 3C, lanes b-f) .
To determine whether IL-2-and IL-15-induced phosphorylation of Thr-450 was confined to the natural killer-like cell line YT, other human lymphoid tumor cell lines were investigated, including human T cell lymphotrophic virus, type I-positive cutaneous T-cell lymphoblast HuT 102; cutaneous T cell lymphoma HH; T cell chronic lymphocytic leukemia Kit225; human T-cell lymphotrophic virus, type I-positive T cell leukemia MT-2; and T cell lymphoblastic leukemia SUP-T1. Cells were made quiescent by growing to exhaustion and then stimulated with IL-2 or IL-15 for 5 min. Endogenous IL-2R␤ was immunoprecipitated and resolved by SDS-PAGE for Western blot analysis. Both IL-2 (Fig. 3E, lanes b, e, h, k, and n) and IL-15 (Fig. 3E, lanes c, f, i, l, and o) stimulation induced phosphorylation of IL-2R␤ at Thr-450 within these human leukemia cell lines.
To test whether Thr-450 is phosphorylated in non-tumorigenic primary lymphocytes, phytohemagglutinin-activated primary human peripheral blood mononuclear cells (PBMCs) were made quiescent and then stimulated with IL-2 or IL-15 ( Fig. 3D ). Both cytokines induced IL-2R␤ Thr-450 phosphorylation within 5 min (Fig. 3D, lanes b and d) . These data suggest that IL-2R␤ Thr-450 phosphorylation may be important for diverse biological functions mediated by IL-2 and IL-15. Therefore, the phosphorylation of IL-2R␤ Thr-450 occurred in multiple cell types, including primary human PBMCs, with the activation profiles indicating a general mechanism of IL-2R␤ activation.
Inhibition of JAK, MEK, and ERK Kinases Inhibits IL-2-mediated IL-2R␤ Thr-450 Phosphorylation-To identify the putative kinase(s) responsible for phosphorylation of IL-2R␤ Thr-450, YT cells were incubated with inhibitors of candidate serine/threonine kinases prior to IL-2 stimulation. The putative kinases were chosen on the basis of the pathways known to be activated by IL-2: JAK/mammalian target of rapamycin (mTOR), PI3K, and MEK/ERK. In addition, the intracellular domain of IL-2R␤ was analyzed using the PhosphoMotif Finder tool of the Human Protein Reference Database (37) for consensus serine/threonine kinase substrate motifs. Of interest were ERK1 and ERK2, which were reported to phosphorylate proline-flanked threonine residues and are activated by IL-2. Inhibition of JAK activation by tofacitinib resulted in abrogation of IL-2-induced Thr-450 phosphorylation in a dose-dependent manner (Fig. 4A, lanes m-p) . In contrast, inhibition of PI3K by wortmannin (Fig. 4A, lanes c-e) or PKA with KT5720 (Fig. 4A , lanes h-j) had no visible effect even at doses much greater than their IC 50 values (Fig. 4A ). The mTOR inhibitor rapamycin was also tested and showed a similar ineffectiveness in blocking Thr-450 phosphorylation (data not shown). However, treatment with the highly specific MEK inhibitor trametinib resulted in a significant loss of IL-2-induced Thr-450 phosphorylation in a dose-dependent manner that corresponded with a loss of ERK1/2 and, unexpectedly, STAT5 activation (Fig. 4B,  lanes c-f) . Interestingly, IL-2-induced tyrosine phosphorylation of IL-2R␤ was unaffected by trametinib treatment, although the shift in electrophoretic mobility of the receptor reverted to its unstimulated form (Fig. 4B, lanes c-f) . Additionally, blockade of ERK enzymatic activity with the inhibitor FR180204 resulted in a reduction of IL-2-induced Thr-450 phosphorylation (Fig. 4C, lanes c-f) . It should be noted that FR180204 is an ATP-competitive inhibitor of ERK and does not affect its phosphorylation by MEK (38) . Therefore, ERK is able to become phosphorylated. However, it is not able to enzymatically phosphorylate its targets. In addition, ERK phosphorylation is not autophosphorylation-dependent and, therefore, remains unaffected following drug treatment. Interestingly, activation of STAT5 and AKT was decreased notably. Taken together, these results suggest that IL-2R␤ Thr-450 phosphorylation is directly or indirectly dependent on IL-2-induced activation of the MEK/ERK pathway.
siRNA-mediated Knockdown of ERK1 and ERK2 Inhibits IL-2-induced IL-2R␤ Thr-450 Phosphorylation-To confirm the role of ERKs in phosphorylating Thr-450, siRNA-mediated knockdown of ERK1 and ERK2 was performed. ERK1 and ERK2 or non-targeting control siRNA were delivered into YT cells via electroporation. Cells were stimulated with IL-2 for 5 min at 72 h post-transfection. Protein phosphorylation and ERK1/2 protein levels were determined by Western blot analysis of total cell lysates. As demonstrated in Fig. 4D , ERK1/2-specific siRNA significantly reduced protein levels of ERK1 and ERK2, which correlated with a loss of IL-2-induced phosphorylation of IL-2R␤ Thr-450 ( Fig. 4D, left panel, lane b) . STAT5 phosphorylation served as a positive control for IL-2 cell stimulation ( Fig.  4D, left panel, lanes b and d) . Densitometric analysis indicated that ERK1/2 expression from three separate experiments was reduced ϳ60% compared with the non-targeting siRNA control ( Fig. 4D, center panel) , which correlated with a statistically significant 60% reduction of IL-2R␤ Thr-450 phosphorylation signal (Fig. 4D, right panel) . These findings demonstrate that ERK1 and ERK2 have a direct effect on IL-2-induced phosphorylation of IL-2R␤ Thr-450.
PP1 but Not PP2A Negatively Regulates Phosphorylation of IL-2R␤ Thr-450 -We have demonstrated previously that inhibition of PP1 and PP2A with CA induces an electrophoretic mobility shift in IL-2R␤ characteristic of phosphorylated proteins (18) . In this study, mass spectrometry analysis of IL-2R␤ revealed that Thr-450 is phosphorylated following CA treatment (data not shown). Interestingly, ERK1/2 can become activated by CA-induced inhibition of PP1 and PP2A (39) . To delineate the kinetics of PP1 and PP2A inhibition on Thr-450 phosphorylation, YT cells were treated with 100 nM CA for 0 -60 min. IL-2R␤ was immunoprecipitated from soluble cell lysates, separated by SDS-PAGE, and subjected to Western blot analysis with ␣-Thr(P)-450 IL-2R␤ antibody (Fig. 5A) . Consistent with the mass spectrometry data, CA treatment induced phosphorylation of IL-2R␤ Thr-450 with rapid kinetics. Phosphorylation of Thr-450 was detectable as early as 5 min, and the signal was sustained until 15 min and returned to basal levels after 60 min (Fig. 5A, lanes c, e, and g) . The membrane was stripped and reprobed for total IL-2R␤ to ensure equal gel loading. To further differentiate the role of PP1 from PP2A in the regulation of Thr-450 phosphorylation, an in vitro phosphatase assay was performed. YT cells were left untreated, stimulated AUGUST 21, 2015 • VOLUME 290 • NUMBER 34
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with IL-2, or treated with 100 nM CA for 15 min. Soluble cell lysates were subjected to in vitro dephosphorylation using purified PP1 or PP2A enzymes, separated by SDS-PAGE, and analyzed for IL-2R␤ Thr-450 phosphorylation by Western blot. As shown in Fig. 5B , dephosphorylation using purified PP1 reversed the IL-2-and CA-induced phosphorylation of Thr-450 (lanes e and f) , whereas samples incubated with purified PP2A (lanes g-i) remained similar to the control (lanes a-c) . Interestingly, the electrophoretic mobility shift caused by CA was not reversed by treatment with either purified PP1 (Fig. 5B , lanes e and f) or PP2A (Fig. 5B, lanes h and i) . Taken together, these data indicate that inhibition of PP1 and PP2A by CA induces phosphorylation of IL-2R␤ Thr-450 in vivo and that PP1 directly dephosphorylates it in vitro.
Phosphorylation of Thr-450 Is Required for Optimal IL-2 Signaling and Receptor Complex Formation-IL-2 promotes the formation of a heterotrimeric receptor complex (high affinity, (40, 41) . Failure in the assembly of IL-2R␤ and ␥ c upon stimulation of IL-2 results in the blockade of downstream signaling components (42, 43) . Previous work from our group showed that CA-induced serine and threonine phosphorylation disrupted IL-2-induced IL-2R complex formation and activation of downstream targets (18) . To investigate the functional role of Thr-450 phosphorylation on IL-2 signaling, a HEK293 reconstitution system was employed using amino acid substitution (T450A) within IL-2R␤. Plasmids encoding ␥ c , JAK3, and STAT5B were cotransfected into HEK293 cells with either the WT or T450A forms of IL-2R␤. 48 h post-transfection, cells were made quiescent and then left untreated or stimulated with IL-2 for 10 min. Whole cell lysates were analyzed for activation of key signaling proteins of the JAK/STAT, PI3K, and MEK/ ERK pathways, which are important for lymphocyte differentiation, proliferation, and survival (44) . As shown in Fig. 6A , STAT5 was observed to be constitutively activated in cells transfected with ␥ c , JAK3, STAT5, and WT IL-2R␤ (lane c). However, such phosphorylation appears to be modestly induced by IL-2 stimulation (Fig. 6A, lane d) . Importantly, tyrosine phosphorylation of STAT5 was lost in cells transfected with the phospho-deletion mutant (T450A) (Fig. 6A, lanes e  and f) . Activation of the PI3K pathway was assessed in terms of phosphorylation of its downstream target AKT. IL-2-induced phosphorylation of AKT was observed in cells transfected with WT (Fig. 6A, lane d) but not in cells expressing the T450A mutant (Fig. 6A, lane f) . Similarly, IL-2-induced phosphorylation of ERK1/2 was detected in cells transfected with the WT receptor (Fig. 6A, lane d) but not with the phospho-deletion mutant (Fig. 6A, lane f) . To determine the role of IL-2-induced IL-2R␤ Thr-450 phosphorylation in the assembly of the IL-2R complex, the IL-2R␤ subunit was immunoprecipitated from soluble lysates and probed for the association of ␥ c , JAK3, and STAT5B by Western blot analysis (Fig. 6B) . IL-2 stimulation resulted in coimmunoprecipitation of JAK3, STAT5B, and ␥ c with WT IL-2R␤ (Fig. 6B, lane d) . Importantly, this association was reduced considerably when Thr-450 on IL-2R␤ was mutated to alanine (Fig. 6B, lane f) . These results suggest that phosphorylation of Thr-450 is important for the assembly of the IL-2R␤ complex in addition to regulating the phosphorylation of the downstream signaling molecules STAT5B, AKT, and ERK1/2.
Phosphorylation of Thr-450 Is Important for Maximum IL-2induced STAT5B Transcriptional Activity-The STAT5A and STAT5B transcription factors become activated in response to several growth factors and cytokines, including IL-2, which induces tyrosine phosphorylation of the receptor and provides docking sites for STATs to bind through their SH2 domains (45) . Receptor-bound STATs become activated through tyrosine and serine phosphorylation, form dimers, and translocate to the nucleus to activate genes related to the differentiation and proliferation of cells (46) . To determine whether phosphorylation of IL-2R␤ Thr-450 is important for STAT5B transcriptional activity in vivo, luciferase reporter assays were performed using the HEK293 reconstitution system (Fig. 6C) . Plasmids encoding ␥ c , JAK3, and STAT5B were cotransfected into HEK293 cells with either the WT or T450A forms of IL-2R␤ along with a ␤-casein-firefly luciferase reporter and a ␤-gal reporter construct. 48 h post-transfection, cells were made quiescent and then left untreated or stimulated with IL-2 for 48 h. Luciferase activity was first normalized to ␤-gal activity and then to IL-2-stimulated WT IL-2R␤ samples. Upon IL-2 stimulation, the luciferase reporter activity of STAT5B was reduced ϳ50% when signaling through the IL-2R␤ T450A mutant compared with the WT (Fig. 6C ). Additionally, a reduced proliferative capacity in response to IL-2 was observed in cells expressing the IL-2R␤ T450A phospho-deletion mutant compared with the WT receptor (data not shown). These data suggests that IL-2R␤ Thr-450 phosphorylation is important for effective transduction of the L-2 signal and STAT5B transcriptional activity.
Discussion
IL-2 receptor engagement activates the JAK/STAT, PI3K, and MEK/ERK signaling pathways to promote cellular differentiation, proliferation, and survival. IL-2R␤ plays a critical role in the activation of downstream effector molecules. Indeed, mice with targeted deletion of the receptor display an irregular immunoglobulin profile, dysregulated T cell activation and B cell differentiation, and absence of natural killer or T regulatory cells, which results in severe autoimmunity and death (47) . In humans, dysregulation or polymorphisms of IL-2R␤ have been associated with several autoimmune diseases as well as severe combined immunodeficiency disorders (48 -54) . Although regulation of the signal transduction cascade has yet to be fully elucidated, IL-2 immunotherapy has been used for years to treat renal cell carcinoma and metastatic melanoma, whereas IL-15 appears to elicit promising results in ongoing clinical trials (55, 56) . Therefore, understanding the regulation and function of IL-2R␤ is critically important.
This study identifies a novel phosphorylation site at Thr-450 on IL-2R␤ and demonstrates it to be an important regulator of IL-2 signal transduction. This newly discovered phosphosite was observed to be rapidly and transiently phosphorylated in response to IL-2 and IL-15 in several malignant hematopoietic cell lines as well as non-tumorigenic primary lymphocytes (Fig.  3 ). Inhibition of ERK1/2 resulted in loss of IL-2 induced Thr-450 phosphorylation (Fig. 4) , whereas purified PP1 reversed IL-2-and CA-induced phosphorylation of this residue in vitro (Fig. 5 ). Examination of the WT receptor versus a T450A mutant revealed Thr-450 phosphorylation to be important for IL-2-induced activation of STAT5, AKT, and ERK1/2 as well as STAT5B transcriptional activity and IL-2R complex formation (Fig. 6 ). Taken together, these findings support a fundamentally important role of Thr-450 phosphorylation in regulating IL-2 signal transduction. It is tempting to speculate that this previously unrecognized positive regulatory site could be manipulated to create novel therapeutic strategies for various immune disorders.
Previously identified phosphoregulatory sites in IL-2R␤ that are fundamental for the propagation of the IL-2 signals include Tyr-338, Tyr-394, and Tyr-510, to which SHC and/or STAT5 bind (6) . Importantly, IL-2 also induces threonine phosphorylation of the receptor. Previously, we have shown induction of IL-2R␤ threonine phosphorylation in response to IL-2 stimulation and CA treatment via phosphoamino acid analysis (18) , whereas other groups identified Thr-79, Thr-256, Thr-507, and Thr-522 as phosphosites through proteomic discovery mode mass spectrometry (20, 57, 58) , although no site-specific characterization was performed. This work indicates that phosphorylation of IL-2R␤ Thr-450 provides an additional positive regulatory mechanism that modulates IL-2 signaling. Residue Thr-450 is confined to a PPTP sequence, a known ERK1 and ERK2 targeting motif (59) . It was rapidly phosphorylated following IL-2 stimulation or CA treatment, and its conservation among higher organisms (Fig. 1D ) suggests that this could be a result of a recent evolutionary gain-of-function mutation, possibly to support a more complex immune system. The role of threonine phosphorylation in cytokine receptors is not well established. Two ␥ c family members are reported to be threonine-phosphorylated, IL-4R and IL-9R (57), although no functional characterization has been described. Interestingly, FIGURE 6. IL-2R␤ Thr-450 phosphorylation is a positive regulator for activation of downstream signaling molecules, receptor complex formation, and STAT5B transcriptional activity in a reconstituted HEK293 cell system. HEK293 cells were transfected with ␥c, JAK3, STAT5B, and IL-2R␤ (WT or T450A) and incubated for 48 h in complete medium, followed by 48 h of incubation in 1% FBS medium. Transfected cells were stimulated without (Ϫ) or with IL-2 (ϩ) for 10 min. A, whole cell lysates were separated by SDS-PAGE and Western-blotted as indicated. B, IL-2R␤ was immunoprecipitated (IP), separated by SDS-PAGE, and analyzed by WB for coimmunoprecipitation of JAK3, STAT5, and ␥c as indicated. Input controls for immunoprecipitated JAK3 and STAT5 are indicated. Representative data from three independent experiments are shown. C, HEK293 cells were transfected with IL-2R␤ (WT or T450A), ␥c, JAK3, STAT5B, ␤-caseinluciferase, and pCMV-␤-galactosidase. 48 h post-transfection, cells were incubated with or without IL-2 for an additional 48 h, and luciferase activity was measured and normalized to ␤-gal activity. Each treatment was performed in triplicate. Results are presented as the mean Ϯ S.D. of three independent experiments. Statistical significance was determined using Student's t test. *, p Ͻ 0.05.
Thr-756 within the IL-4R is located within the PPT motif recognized by ERK1/2, and phosphorylation of Thr-520 within IL-9R is important for promoting receptor interaction with the adaptor protein 14-3-3 (60) .
The transient nature of phosphorylation makes it ideal for the regulation of signal transduction. It can activate proteins and subsequently alter their cellular localization and substrate binding affinity to regulate processes including differentiation, proliferation, and the cell cycle. It is also rapidly reversible to terminate the signal. In this study, IL-2 and IL-15 induced the rapid and transient phosphorylation of IL-2R␤ Thr-450 in several lymphoid tumor cell lines as well as in normal human primary lymphocytes (Fig. 3) . This strongly suggests a general mechanism of IL-2R␤ activation important for the diverse biological functions of IL-2 and IL-15. We are currently investigating whether constitutive phosphorylation of IL-2R␤ Thr-450 is present in primary lymphoid tumors, potentially providing new insights into the driving factors of hematological malignancies.
Many serine/threonine kinases are known to regulate IL-2 signal transduction (61, 62), although not directly at the receptor level. To elucidate the regulators of IL-2R␤ Thr-450 phosphorylation, pharmacological inhibition of serine/threonine kinases was performed. IL-2 induced Thr-450 phosphorylation was reduced by blocking MEK or ERK activation or inhibiting ERK1/2 expression by siRNA ( Fig. 4) . Interestingly, tyrosine phosphorylation of the receptor was independent of Thr-450 phosphorylation because blockade of the latter did not affect the former (Fig. 4B) . Surprisingly, reduced STAT5 and AKT phosphorylation correlated with ERK1/2 and Thr-450 phosphorylation inhibition (Fig. 4, B-D) . Taken together, these results suggest that Thr-450 phosphorylation could play a positive regulatory role on IL-2 signal transduction in lymphocytes.
PP1 is a ubiquitous phosphatase that regulates numerous cellular processes, including cell cycle progression, transcription of genes, and protein synthesis. The catalytic subunit of PP1 relies on ϳ200 regulatory proteins for specificity and forms a holoenzyme with target-specific properties (63, 64) . In this study, PP1 was able to dephosphorylate IL-2R␤ Thr-450 in vitro (Fig. 5 ). Importantly, IL-2 has been shown to transiently decrease PP1 activity in antigen-specific human T cells (65) . Therefore, it is tempting to envision a feedback loop mechanism in which IL-2 leads to inhibition of PP1 and ERK1/2 activation dependent upon IL-2R␤ Thr-450 phosphorylation.
Thr-450 is located in the H region of the IL-2R␤, which contains the known STAT5 docking sites Tyr-392 and Tyr-510 (6) (14) . Deleting the region between these tyrosine residues results in down-regulation of IL-2R␣ expression (66, 67) , suggesting a positive regulatory role for this receptor domain. In agreement with these studies, phosphorylation of Thr-450 was found to be important for activation of the downstream signaling molecules STAT5B, AKT, and ERK1/2 (Fig. 6A ). Impaired activation of such proteins coincides with a decrease in STAT5B transcriptional activity, as demonstrated by luciferase reporter assays (Fig. 6C) . Additionally, coimmunoprecipitation studies revealed that phosphorylation of Thr-450 was necessary for optimal IL-2-induced IL-2R complex formation because binding of ␥ c , JAK3, and STAT5B to the IL-2R␤ T450A mutant was greatly reduced (Fig. 6B ). The canonical model for IL-2 signaling suggests that IL-2 binds IL-2R␤ and ␥ c , resulting in the recruitment and activation of JAK1 and JAK3 and phosphorylation of the receptor within highly conserved and defined tyrosine residues. Phosphorylated tyrosines on IL-2R␤ serve as docking sites for SHC and STAT5, initiating the MEK/ERK and PI3K pathways. An additional feedforward mechanisms may include IL-2 activation of the MEK/ERK pathway, resulting in phosphorylation of Thr-450 to augment the signaling cascade. On the basis of the phosphorylation kinetics shown here, IL-2 first induces phosphorylation of IL-2R␤ on tyrosine residues, followed by a protracted phosphorylation at residue Thr-450 ( Fig. 3A) . Conceivably, Thr-450 phosphorylation results in conformational and electrostatic changes that stabilize the interaction between the components of the receptor, allowing for a maximum IL-2 signal to be transmitted. Inability of the receptor to form a stable complex likely results in attenuation of the three signaling pathways (JAK/STAT, MEK/ERK, and PI3K), as demonstrated by the loss of STAT5, ERK1/2, and AKT phosphorylation ( Fig. 6 ) and proliferation (68, 69) .
In conclusion, this work demonstrated that the IL-2R␤ chain harbors an IL-2/IL-15-inducible phosphorylation site that has been mapped to Thr-450. It is transiently phosphorylated with kinetics distal to receptor tyrosine phosphorylation. The current evidence suggests that IL-2R␤ Thr-450 is phosphorylated by ERK1/2 and dephosphorylated by PP1. More importantly, it appears to stabilize the receptor complex and downstream effectors, including STAT5 and AKT. Whether this site represents a therapeutic target for controlling IL-2/IL-15 signaling for ablating certain disorders such as graft versus host disease or lymphomas dependent on these pathways remains to be determined. 
